Step cavity and gabion aeration on a gabion stepped spillway by Zhang, G. & Chanson, H.
5th International Symposium on Hydraulic Structures  Brisbane, Australia, 25-27 June 2014 
Hydraulic Structures and Society: Engineering Challenges and Extremes 
ISBN 9781742721156 - DOI: 10.14264/uql.2014.37  
Step Cavity and Gabion Aeration on a Gabion Stepped Spillway 
 
G. Zhang1 and H. Chanson1 
1School of Civil Engineering 
The University of Queensland 
Brisbane St Lucia, QLD 4072 
AUSTRALIA 
E-mail: gangfu.zhang@uqconnect.edu.au 
 
Abstract: Recent advances in gabion construction techniques have increased the interest for gabion 
stepped spillways. The present study investigates the air entrainment process in the stepped cavity of 
a gabion stepped spillway through physical modelling. The microscopic air-water flow characteristics 
were investigated using a phase-detection probe, complemented by some video observations. The 
visual observations indicated a high level of interactions between stepped cavity flow and gabion 
seepage, including some bubbly flow motion in the gabions. The measurements showed relatively 
lower aeration, velocity and turbulence levels than that in the mainstream flow. The air-water 
measurements demonstrated some self-similarity of main flow properties above the pseudo-bottom 
formed by the step edges at all measured locations. 
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1. INTRODUCTION 
Stepped spillways have been used as flood release facilities for several centuries (Chanson 2001). 
The steps contribute to some dissipation of the turbulent kinetic energy, thus reducing or eliminating 
the need for a downstream stilling structure. For the last four decades, the advancement in 
construction techniques and materials, including PVC coated gabion mesh wire, led to some industry 
interest for the stepped chute design, in turn leading to refinement of existing designs. To date, the 
majority of research into stepped spillways was conducted based upon laboratory studies with flat 
impervious steps. Recent studies were based upon phase-detection probe measurements to record 
the air-water flow properties. Most studies focused on the air-water properties in the skimming flow 
above step edges. Only a handful documented the flow properties in the steps cavities (Gonzalez and 
Chanson 2004, 2008, Felder and Chanson 2011, Felder 2013). Little data is available on gabion 
stepped spillway flows, besides Peyras et al. (1992) and Wuthrich and Chanson (2014). 
 
It is the aim of this study to investigate the aeration in step cavities on a gabion stepped spillway as 
well as the interactions with the bubbly flow motion inside the gabion materials. The laboratory study 
was performed with some physical modelling based on a Froude similitude in a relatively large size 
facility. Detailed air-water flow measurements were conducted with a double-tip phase-detection 
probe, together with high-speed video observations, for a range of conditions corresponding to the 
transition and skimming flow regimes. 
2. EXPERIMENTAL FACILITY AND INSTRUMENTATION 
New experiments were performed in a gabion stepped flume consisting of 10 gabion steps (Fig. 1 & 
2). The test section was 0.52 m wide and each step had a height h = 0.10 m and length l = 0.20 m. 
Water was fed from a head tank, through a smooth sidewall convergent with 4.23:1 contraction ratio 
leading to a broad-crested weir. The 1V:2H stepped chute followed the broad-crested weir. The 
gabions were 0.3 m long, 0.1 high and 0.52 m wide, made of 14 mm sieved gravels. The density of the 
dry gravel material was 1.6 tonnes/m3 and its porosity was 0.35-0.4. The same facility was used by 
Wuthrich and Chanson (2014). 
 
The visual observations were based upon high shutter speed imagery (1/1000-1/10000 s) and high 
speed video recordings up to 1000 fps using a CasioTM EX-ZR200 camera. The air-water flow 
measurements were conducted using a double-tip phase detection conductivity probe. Each probe 
 sensor has an inner tip diameter Ø = 0.25 mm. The longitudinal separation ∆x between probe tips was 
7.4 mm. The probe outputs were acquired at 20 Hz per sensor for 45 s. The main outputs were the 
void fraction C, bubble count rate F, interfacial velocity V and turbulent intensity Tu. Details on signal 
processing were documented in Chanson (2002) and Chanson and Carosi (2007). The signal 
processing followed the workflow of Felder (2013). 
 
Visual observations and air-water flow measurements were conducted for dimensionless discharges 
dc/h ranging from 0.65 to 1.30, where dc is the critical flow depth. The skimming flow regime was 
observed for dc/h > 0.88. The air-water measurements in step cavities were performed for a skimming 
flow rate dc/h = 1.12 deemed suitable for purposes of minimising scale effects as well as providing 
strong cavity aeration along the stepped chute. 
 
 
Figure 1 – Sketch of step cavity measurement locations and instrumentation setup – Flow direction 
from left to right 
  
Figure 2 – Air entrainment in the gabion at step edge (h = 0.1 m, θ = 26.6°) with flow from right to left - 
(Left) dc/h = 0.8, shutter speed: 1/125 s (Right) dc/h = 1.12, shutter speed: 1/4,184 s 
3. AERATION IN STEP CAVITIES AND GABIONS 
At the upstream end of the chute, the flow was not aerated. The inception of free-surface aeration was 
well defined. Downstream, large amounts of air were entrained, and the entrainment process was 
highly three dimensional and complex. On the gabion stepped chute and in the step cavities, the 
aeration process differed from conventional spillway structures (e.g. Matos 2001, Gonzalez and 
Chanson 2004). The amount of entrained air was a function of discharge, gabion size and shape, flow 
regime, cavity shape and location. Figure 2 illustrates the aeration inside the gabions as well as the 
flow above and around. Note the large number of bubbles above and immediately before the step 
face, and a relatively clear region near the corner of the step cavity (Fig. 2, bottom left of cavity). 
 
 For a given flow rate, the largest amount of gabion aeration was observed close to the top horizontal 
step face. A majority of bubbles flowed through gaps formed between pebbles, next to the impact of 
the shear layer with the horizontal step face, and seeped through towards the next step cavity vertical 
face (Fig. 2). A small percentage of bubbles also seeped through the gabion box bottom to enter into 
the next gabion. Almost no air entrainment was observed near the lower vertical face of the gabion 
(Fig. 2). In the gabions, some recirculation and coalescence took place when there was some 
relatively large cavity between pebbles. The onset of gabion aeration was clearly visible and almost 
coincided with the inception of free-surface aeration. In the step cavity, a large amount of air bubbles 
were entrained in the shear layer developing downstream of each step edge. On the vertical step 
faces, the negative pressures accelerated the bubbly outflow coming out of the gabion materials. A 
close examination of bubbles inside the gabion revealed a variety of highly distorted and elongated 
shapes, while most bubbles in the step cavity appeared to be convected as pseudo-spherical entities. 
The difference would imply regions of high shear and unstable seepage motion inside the gabion 
materials. 
 
The movement of air bubbles inside and around gabions was highly chaotic and energetic. Movies at 
up to 60 fps were unable to capture this bubbly turbulent flow. Instead a frame-by-frame analysis was 
performed with high speed videos (~1000 fps). The results provided some insights into the turbulent 
motion and air-water interaction with finer details. Current observations revealed a region of fastest air 
flux inside the gabion towards the gabion edge (Fig. 2, top left corner), with a time-averaged bubbly 
flow velocity close to the critical flow velocity Vc = (g×dc)1/2, but slower than the free-surface skimming 
flow. Slower bubble motion were seen towards the inside and bottom of the gabion box (Fig. 2, far 
right & bottom right), with time-averaged bubble velocities ranging from 0 to 0.8×Vc. Some bubbles 
appeared to be trapped inside smaller pebble cavities. A region of relatively high vorticity was also 
identified next to the gabion outer corner. Clusters of bubbles were observed at irregular intervals and 
typically travel at slightly faster velocities than single bubbles due to the higher momentum. The period 
of occurrence for bubble clusters was thought to be influenced by the fluctuating motion and instability 
in the skimming flow and upstream step cavity.  Some preliminary analyses for one gabion (step 6, 
dc/h = 0.73 & 1.12, qw = 0.062 & 0.117 m2/s) yielded turbulence intensities, defined as the ratio of 
standard deviation to mean velocities, ranging from 0.2 to 0.3. These turbulence levels were 
significant although lower than those observed in the skimming flow above step edges and inside the 
cavity flow (see below). Interestingly the observed turbulence levels were similar irrespective of the 
location within the gabion, although the bubbly flux differed between gabion sections. Some 
comparative analysis between the investigated flow rates showed the average bubble velocity and 
turbulence levels of the seepage motion to be little influenced by the free-surface flow conditions. This 
may be attributed to the strong shearing effect of the gabions coupled with the relatively steep 
negative pressure gradient near the top interface between mainstream flow and the gabion. The 
gabion seepage flow contributed to some energy dissipation, but it was thought that the rate of kinetic 
energy dissipation was small compared to energy dissipation in the skimming (free-surface) flow on a 
gabion stepped chute. It is acknowledged that the above results are preliminary and subjected to 
intrinsic limitations of the metrology. 
4. AIR-WATER FLOW PROPERTIES IN STEP CAVITY 
4.1. Presentation 
Downstream of the inception point of free-surface aeration, the step cavity flow was highly aerated. 
The recirculation patterns in the cavities between adjacent gabion steps exhibited somewhat different 
characteristics than those observed on flat impervious steps. On a flat impervious stepped spillway 
under skimming flow conditions, the mainstream flow skims past the pseudo-bottom formed by the 
step edges and the recirculation motion is driven by the momentum transferred from the mainstream 
flow in this process (Rajaratnam 1990, Chanson, 2001). An entirely different pattern is observed in 
gabion stepped spillways, as a result of the complex interactions between the mainstream and the 
seepage flow through gabions (Wuthrich and Chanson 2014). Amongst some key distinctions, a clear 
water core was observed at the base of the step cavities, together with a flux of bubbles coming out of 
the gabions through the upper vertical step face, and a small amount of bubble recirculation past the 
clear water core due to continuous interaction with the mainstream flow. Some similar features have 
also been reported for rough impervious steps (Gonzalez et al. 2008, Bung and Schlenkhoff 2010). 
 The present section complements the visual observations with some detailed air-water flow 
measurement in the step cavities. 
4.2. Basic air-water flow properties 
In the skimming free-surface flow (y > 0), the void fraction distributions presented an inverse S-shape 
at all longitudinal locations. Such an S-shaped profile was typical of skimming flows (Chanson and 
Toombes 2002, Gonzalez and Chanson 2008). In the step cavities beneath the pseudo bottom (y < 0), 
the void fraction data showed a flat shape extended from the S-shaped profile. The findings contrasted 
with observations on flat impervious steps for which a local maximum in void fraction was observed 
within the turbulent shear layer next to the pseudo bottom (Gonzalez and Chanson 2004, Felder and 
Chanson 2011). The present results were consistent with the visual observations (see above) and it 
was thought that the interaction between the mainstream flow and seepage through the gabion faces 
contributed to the drastic change in step cavity void fraction profiles. Above the step cavity between 
step edges, a greater aeration was consistently observed in the lower mainstream flow region (0 < y/h 
< 0.2-0.3) than at step edges, as reported by Matos et al. (2001) and Gonzalez and Chanson (2004). 
Some typical distributions of void fraction at several longitudinal locations between the step edges 7 
and 9 are presented in Figure 3. For clarity, the graphs were distorted, with y the sampling location 
measured perpendicular to the pseudo-bottom formed by the step edge. Between step edges, the 
offset of measurement from the leading step edge is represented by a factor multiplied by the step 
cavity length along the pseudo-bottom: X = (h2+l2)1/2. In Figure 3, the scaling for the void fraction C is 
shown. A typical evolution of depth-averaged void fraction Cmean is presented in Figure 4, where Cmean 
is defined as: 
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where y = 0 at the pseudo-bottom formed by step edges and y = Y90 at the height where C = 0.9. The 
data showed a monotonic increase in mean air content Cmean with increasing longitudinal distance 
between step edges. The present data suggested minimum depth-averaged void fractions at step 
edges, although it is acknowledged that Equation (1) does not account for the cavity flow aeration for y 
< 0. 
 
The bubble count rate is defined as the number of water-to-air interface detected per unit time. For a 
given interfacial velocity, F is proportional to the specific interface area (Chanson 2002), and provides 
some information on the re-aeration rate. Some typical dimensionless bubble count rate F×dc/Vc 
distributions are shown at several longitudinal locations in Figure 5. Above the pseudo bottom (y > 0), 
the bubble count rate data showed a distinct bell shape with a maximum present about y/dc  = 0.3, 
corresponding to a void fraction of approximately 0.4-0.5. The observed location of maximum bubble 
count rate appeared to be close to previous studies (Chanson and Toombes 2002, Toombes 2002). 
However the bubble count rate distributions exhibited a distinctly different shape in the step cavity (y < 
0) compared to a flat impervious stepped spillway. Current observations showed a continuation of the 
bell shaped distribution above the pseudo bottom with low bubble count rates in the cavity, contrary to 
observations on flat impervious steps (Felder and Chanson 2011). The present data were consistent 
with both visual observations and void fraction data, including the lesser cavity aeration induced by the 
interactions between gabion seepage and the free-surface flow. 
4.3. Velocities and turbulence intensities in shear layer 
The time-averaged interfacial velocity profiles were recorded for all locations within the test section 
and typical results are presented in Figure 6. The velocity data are presented in dimensionless form 
V/Vc where Vc is the critical flow velocity. Above the pseudo bottom (y > 0), the velocity profiles 
presented a self-similar shape close to a power law distribution. The observation was similar to 
findings on flat impervious stepped spillways by Chanson and Toombes (2002) and Gonzalez and 
Chanson (2004). Below the pseudo bottom (y < 0), the present data indicated a minimum 
 dimensionless velocity V/Vc at approximately y/h = -0.2. No negative velocity was recorded in 
comparison with data on flat impervious steps (Felder and Chanson 2011), but the instrumentation 
limitations must be underlined. In the step cavity, the absence of flow aeration prevented the 
successive detection of bubbles by the two sensors of the phase-detection probe. The velocity profiles 
beneath the pseudo bottom should therefore be subjected to more thorough future investigations with 
another metrology. 
 
 
 
Figure 3 - Void fraction distribution on the gabion stepped chute between step edges 7 and 9 – Flow 
conditions: dc/h = 1.12, qw = 0.117 m2/s, h = 0.1 m, θ = 26.6° 
 
 
Figure 4 – Longitudinal distributions of depth-averaged void fraction Cmean on the gabion stepped 
chute between step edges 7 and 9 – Flow conditions: dc/h = 1.12, qw = 0.117 m2/s, h = 0.1 m, θ = 
26.6° 
 
  
Figure 5 – Dimensionless bubble count rate distributions along the gabion stepped chute between 
step edges 7 and 9 – Flow conditions: dc/h = 1.12, qw = 0.117 m2/s, h = 0.1 m, θ = 26.6° 
 
Figure 6 – Dimensionless velocity distributions along the gabion stepped chute between step edges 7 
and 9 – Flow conditions: dc/h = 1.12, qw = 0.117 m2/s, h = 0.1 m, θ = 26.6° 
 
 
Figure 7 – Dimensionless turbulence intensity distributions along the gabion stepped chute between 
step edges 7 and 9 – Flow conditions: dc/h = 1.12, qw = 0.117 m2/s, h = 0.1 m, θ = 26.6° 
  
In the free-surface and cavity flows, the turbulence intensity Tu was calculated based upon a cross-
correlation technique between the dual-tip phase-detection probe signals (Chanson and Toombes 
2002). Figure 7 illustrates some typical distributions of turbulence intensity at several longitudinal 
locations between step edges 7 and 9. For all locations, a peak in turbulence levels was observed at 
0.2 < y/h < 0.4, with Tumax ranging between 0.9 and 1.0. The locations of maximum turbulence 
intensities were close to those of maximum bubble count rates. A second peak in turbulence level was 
sometimes observed about the pseudo bottom (y = 0) and could reach twice the magnitude of that 
observed in the intermediate flow region at the same cross-section. A minimum value was also 
present at some cross-sections below the pseudo-bottom (Fig. 7). 
 
In the free-surface flows, the observed levels of turbulence intensity ranged from 0.2 to more than 1.0. 
The results were qualitatively and quantitatively consistent with the data of Wuthrich and Chanson 
(2014) in the same facility, but much smaller than maximum turbulence levels of up to 2.0 observed on 
flat impervious steps (Chanson and Toombes 2002, Gonzalez and Chanson 2004). The lower 
turbulence levels on the gabion stepped chute might indicate a better mixing between mainstream and 
cavity flows, as well as some effects of the seepage flow. The bubbly flux through the vertical step 
face from the gabion into the cavity might induce some turbulence modulation similar to that observed 
behind ventilated bluff bodies. In the near-wake of wedges and wings, the ventilation of the 
recirculation region might induced several flow regimes for the same inflow conditions, depending 
upon the amount of ventilation (Michel 1984, Verron and Michel 1984). 
5. CONCLUSION 
Air bubble entrainment in the free-surface flow as well as inside steps of a gabion stepped spillway is 
a highly complex process resulting from strong mixing and momentum exchange between the air, the 
mainstream flow and seepage through steps. Herein detailed visual and sub-millimetric observations 
were conducted in a relatively large-size gabion stepped chute model. Using a combination of high-
speed video movies and phase-detection probe measurements, the aeration processes in the step 
cavities and within the gabions were documented. 
 
The visual observations showed the bubbly flow motion in the gaps between pebbles. Some very 
strong interactions between seepage and step cavity flows were seen on the horizontal and vertical 
step faces. The largest seepage velocities and turbulence levels were seen in the gabion outer corner. 
Both visual and void fraction observations indicated a lesser cavity aeration compared to flat 
impervious stepped chutes, albeit comparable to rough impervious stepped chute flows. The 
dimensionless bubble count rate showed a distinct maximum in the skimming flow, while the time-
averaged interfacial velocity profiles exhibited some self-similarity across all test locations. Maximum 
turbulence levels were observed in the mid-water column of the free-surface flow as well as about the 
pseudo-bottom formed by the step edges. Importantly the instrumentation limitations prevented 
accurate data in the step cavities, because of the absence of aeration in some cavity areas. 
 
Overall the present observations were consistent with previous studies on a similar configuration but 
they showed much lower flow aeration than observed on flat impervious steps. This might imply better 
mixing between different layers of flows for gabion steps as well reflect the high levels of interactions 
between seepage and cavity flows. 
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